Microstructure and aging hardness variation of AlMgSi alloys with different Mn or Fe content were investigated to reveal the effect of Mn or Fe on the age hardening behavior of AlMgSi alloy using transmission electron microscopy. The peak hardness of the alloys with small content of Mn or Fe is higher than that of the base alloy; the peak hardness of the alloy with 0.2 at%Fe is similar to that of the base alloy but the peak hardness of the alloy with 0.25 at%Mn is lower than that of the base alloy. Si is expensed to form the dispersoid of AlMnSi or AlFeSi in the alloy with 0.25 at%Mn or 0.2 at%Fe. On the other hand, small Mn or Fe addition enhances the formation of ¢AA phase which is similar to Co-or Ni-addition alloys because Si is not expensed to form such dispersoid in Co-and Ni-addition alloys. It is thought that this will result in the difference of Si in the matrix for the formation of the precipitate.
Introduction
In the continuing requirement for automobile weight reduction, the 6000 series AlMgSi alloys have been considered as the promising candidates for age-hardenable bodysheet materials. 1) Transition metals (TMs) such as Cr, Fe and Mn, are usually added to Al alloys for grain refinement. 24) But these TMs will easily form some dispersoids during solidification process. 5) Cr and Mn affect to the electrical conductivity of AlMg Si alloy for extruded, annealed and even aged samples according to Terai and Baba. 6) It seems that Cr and Mn are more stable to remain in the matrix as solute elements than other elements, in addition to make insoluble intermetallic compounds as AlSiTMs. But the effect of the additional elements on the microstructure of this series alloy was not caused enough attention before. The effect of Cr and Fe addition on the age-hardening behavior of 6000 series alloys is reported by Matsuda et al. 7) They indicated that (Cr + Fe)-bearing alloys included AlSi(CrFe) and AlSiFe dispersoids, which decreased the number density of precipitates and the aging effect of Si. On the contrary, Laughlin et al. 8) reported an investigation of the effect of Mn content on the aging kinetics of Al alloys based on the 6022 composition and concluded that the Mn level had very little effect on the peak hardness which developed in the 6022 variants. On the other hand, we reported 9) the effect of several TMs, i.e., Mn, Cr, Fe, Y and Gd, on the age-hardening behavior and microstructure of AlMgSi alloys. The micro Vickers hardness of the alloys with TMs addition wasn't higher and even much lower for some alloys than that of the alloy without TMs addition because of the formation of the dispersoids with Si which is an important element for age-hardening to precipitate the metastable phase including Mg and Si.
In this work, we change the additional Mn or Fe content to investigate the variation of the age-hardening behavior for the alloys with different Mn or Fe content. It will be further clarified the effect of Mn or Fe content on the microstructure in these alloys. The micro Vickers hardness test, transmission electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM) and differential scanning calorimetry (DSC) are used to determine the types of precipitates in AlMgSi alloys with different Mn or Fe content.
Experimental
The quasi-binary alloy of Al1.06Mg 2 Si (at%) is usually called as the base alloy for AlMgSi ternary alloy. In this work, the TM-addition alloys (at%) of Al1.06Mg 2 SixMn (x = 0, 0.05, 0.1, 0.25 and 0.4) and Al1.06Mg 2 SiyFe (y = 0.05, 0.1 and 0.2) were prepared by laboratory casting. They were melting in air using 99.99% pure Al, 99.9% pure Mg, 99.9% pure Si and 99.9% pure TMs. The composition analysis of the obtained alloy is given in Table 1 . The samples for Vickers hardness and TEM (HRTEM) observation were solution heat treated at 848 K for 3.6 ks in a circulating air furnace, quenched into cold water, and followed by the artificial aging treatments at 473 K for different periods of time. The samples for DSC test were solution heat treated at 823 K for 3.6 ks.
The micro Vickers hardness was measured using Akashi MVK-EII hardness tester (load: 0.98 N, holding time: 15 s).
The hardness values reported here represent the average of at least ten measurements. TEM (HRTEM) observation was performed using Topcon EM-002B equipped with an energy dispersive X-ray spectroscopy (EDS). The accelerating voltage was 120 kV to avoid damages by the electron beam. DSC test was taken with SII SSC/5200. The heating rates of DSC were 550 K/min. Figure 1 shows the variation of the micro Vickers hardness for the alloys aged at 473 K, which is plotted as a function of aging time. The peak hardness of 0.05Mn, 0.1Mn, 0.05Fe and 0.1Fe alloys is higher than that of the base alloy. The peak hardness of 0.2Fe alloy is similar to that of the base alloy. The peak hardness of 0.25Mn and 0.4Mn alloys, however, is much lower than that of the base alloy. And the peak hardness of 0.25Mn and 0.4Mn alloys decreases with increasing Mn content. The hardness of the as-quenched Mnor Fe-addition alloys (as-Q. hardness) is higher than that of the base alloy because of the smaller grains formed in these alloys which is shown in Table 1 resulting from the grain refinement effect of Mn or Fe addition. Figure 2 indicates the relationship between the grain size and the as-Q. hardness. We can see that the grain size decreases, which results in the increase of the as-Q. hardness, with increasing the Mn or Fe content in the alloys. 
Results and Discussion

Micro Vickers hardness test
.1 Matrix precipitates
The Mn-or Fe-addition alloys peak-aged at 473 K are taken to examine the difference of the precipitates distribution in this work. The TEM bright-field images of the Mn-or Fe-addition alloys are displayed in Fig. 3 . There are only needle-shaped precipitates aligning with h100i Al direction for the six alloys. The difference between the number density of the precipitates is attributed to one of the reason for the difference between the peak hardness of the alloys. Figure 4 shows the relationship between the number density of the precipitates and the peak hardness of the alloys according to the Mn or Fe content. It can be seen that the number density of the precipitates in 0.05Mn, 0.1Mn, 0.05Fe and 0.1Fe is much higher than that of the base alloys, which results in the higher peak hardness of these alloys comparing with the base alloy. The peak hardness of 0.2Fe alloy is similar to that of the base alloy though the number density of the precipitates in 0.2Fe alloy is higher than that of the base alloy. This is attributed to the formation of the dispersoids, which will decrease the effect of Si in the matrix and be discussed later. The number density of the precipitate per unit area in 0.25Mn alloy, however, is lower than that of the base alloy, which consequently results in the lower peak hardness of 0.25Mn alloy comparing with the base alloy.
The age-hardening ability of the alloy is described as the difference between the peak and as-Q. hardness, as ¦H. The variation of ¦H according to the number density of the precipitates (N) is shown in Fig. 5(a) for the Mn-addition alloys. The square root of number density of the precipitates, N 1/2 , is calculated and it is normalized to divide the value
is shown in Fig. 5(b) for the Mn-addition alloys. In the same way, L ¹1 for the Fe-addition alloy is described as the value that is normalized to divide the value N 1/2 of 0.05Fe alloy. The variation of ¦H according to the number density of the precipitates and L ¹1 is shown in Figs. 5(c) and 5(d) for the Fe-addition alloys. Plotted data were on a linear line except to the base alloy, which is though as the mechanism for the effect of the precipitates on the motion of dislocation, £ L ¹1 , where¸is the applied stress and L is the average distance between the particles. 10) HRTEM observation is taken for all of the alloys peakaged at 473 K. The typical HRTEM images taken from the cross-section of the precipitates in 0.05Mn are shown in Fig. 6 as an example. Four typical types of the precipitates are observed in two alloys which were classified according to previous works. 11, 12) Figure 6 (a) shows the precipitates having a nonperiodic arrangement of bright dots, which is attributed to the random-type precipitates. 11) Figure 6 (c) shows the precipitate with the parallelogram networks of the bright dots with the interior angle fixed to 75°. The direction of the precipitate (indicated as P) is inclined by 10°t o the h100i Al direction of the matrix (indicated as M). These precipitates are attributed to the ¢AA phases.
12) Figure 6 (b) is not fixed to a unique degree and it is the range of 60°< ª < 90°. It can be attributed to the parallelogram-type precipitates. 13) The hexagonal networks of the bright dots of the precipitate are observed in Fig. 6(d) with the spacing about 0.7 nm, and the direction of the precipitate (indicated as P) is inclined by 10°to the h100i Al direction of the matrix (indicated as M), which are similar to the data shown in previous works 14, 15) for the ¢A phase. Figure 7 shows the relative frequency of each type of precipitate in the alloys with different Mn or Fe content. It can be seen that: (1) the relative frequency of the randomtype precipitates decreases while that of the ¢A phases increases with increasing Mn or Fe content in the alloys; (2) the addition of 0.05Mn or 0.05Fe promotes the formation of the ¢AA phases though the relative frequency of these phases decreases after further increasing the Mn or Fe content; and (3) the predominant precipitates is observed as the randomtype precipitates for the base alloy but the parallelogram-type precipitates, ¢AA phases or ¢A phases for the Mn-or Fe-addition alloys, which means that the precipitation sequence for the Mn-or Fe-addition alloys is shifted to more stable phases than the base alloy because the random-type precipitates are formed between the GP zone and the parallelogram-type precipitate, ¢AA or ¢A phases according to previous report. 16) 
Dispersoids
It has been well known that Mn, Cr or Fe will form the dispersoids of AlTMSi with the inhomogeneous distribution during casting process. 5, 6) Such dispersoids are observed in 0.25Mn and 0.2Fe alloys in this work. Figure 8(a) shows the TEM bright-field image, which is taken from the dispersoids formed in the as-cast 0.25Mn alloy. Figure 8 Cliff-Lorimer method shown in Fig. 8 (c) with respect to Al (i.e., the matrix). 17) The Mn : Si ratio is calculated as 3 : 2. Using the same method, Fig. 9(a) shows the TEM brightfield image, which is taken from the dispersoids formed in the as-cast 0.2Fe alloy. Figure 9(b) shows the EDS spectrum of this dispersoids. Al, Si and Fe peaks are detected. The ratio of Fe : Si are determined using Cliff-Lorimer method shown in Fig. 9 (c) with respect to Al (i.e., the matrix).
17)
The Fe : Si ratio is calculated as 2 : 1. It can be seen that the number density of the dispersoids in 0.25Mn alloy is higher than that in 0.2Fe alloy. On the other hand, the Mn : Si ratio is lower than Fe : Si ratio. These mean that the relative Si content for the formation of the dispersoids in 0.25Mn alloy is higher than that in 0.2Fe alloy and solute Si atom in the matrix of Mn-addition alloy becomes relatively lower than that of Fe-addition alloy. It suggests that the age-hardening effect of Si in 0.25Mn alloy is lower than in 0.2Fe alloy. This is attributed to the reason why the peak hardness of 0.25Mn alloy is lower than that of the base alloy and the peak hardness of 0.2Fe alloy is similar to that of the base alloy.
As shown in Fig. 7 , the predominant precipitate is the parallelogram-type precipitate for the Fe-addition alloy, while the ¢A phase for the Mn-addition alloy. This is possibly controlled by the Mg (or Si) content. In previous work with the excess Mg alloy, 18) interior angle ª for the parallelogramtype precipitate is found as 60°< ª < 65°, which is close to 60°of the ¢A phase. This means that in a Mg-rich matrix, the parallelogram-type precipitate will be close to the ¢A phase. In this work, Si is expended to form the dispersoids in 0.25Mn and 0.2Fe alloys, and the relative content of expended Si is different in two alloys. As Si expended for the formation of the dispersoids during casting process is more in 0.25Mn alloy than in 0.2Fe alloy, the excess Mg content is more in 0.25Mn alloy than in 0.2Fe alloy. This means that transformation from the parallelogram-type precipitate to the ¢A phase is easier in 0.25Mn alloy than in 0.2Fe alloy. This phenomenon agrees well with our result for Gd-and Yaddition alloy. 19) It suggests that relative frequency of the parallelogram-type precipitate decreases but that of the ¢A phase increases with the increase of the expended Si content for the formation of the dispersoid.
DSC curves
DSC is a well-established technique which has been utilized to characterize precipitate microstructures and kinetics rapidly in age-hardenable aluminum alloys. 20) DSC is performed for the base and Mn-addition alloys, because DSC thermograms can show which precipitation phases occur during isothermal aging or continuous heating of the quenched alloy. It can also give information concerning the reaction kinetics. The kinetic information has been used in the characterization of the precipitation mechanisms in the studied alloys. Figure 10 shows the DSC curve scanning at 25 K/min for the base alloy as an example. Seven reaction peaks in DSC scans are usually occurred: five are exothermic reactions, labeled as P 1 , P 2 , P 4 , P 5 and P 7 ; and two are endothermic reactions, labeled as P 3 and P 6 . The exothermic reaction peaks P 1 , P 2 , P 4 , P 5 and P 7 correspond to the formation of clusters, GP zone, ¢AA, ¢A and ¢ phase. 21, 22) And the endothermic reaction peaks P 3 and P 6 corresponds to the dissolution of the precipitates. The activation energy for the formation of the precipitates was calculated by Kissinger method 23) using P 1 , P 2 , P 4 , P 5 and P 7 on DSC curves and summarized in Fig. 11 for every alloy.
The activation energy for the first reaction (clustering process) is calculated about 60 kJ/mol for the base alloy. Dutta and Allen 24) reported 33.1 kJ/mol for 6061 alloy, however Doan et al. 25) determined 79 kJ/mol for the same process of the same alloy. In addition, Ohmori et al. 26) calculated activation energy of 52.364.5 kJ/mol for this process of AlMgSi alloy. Therefore, our value for the activation energy of the clustering process is within the most acceptable values found in the literature. Moreover, Dutta et al. 27) reported that the reduced vacancy concentration in the matrix decreased the vacancy migration contribution to nucleation and growth while increasing the contribution of substitutional atom (which required creation of vacancy and therefore has a larger activation energy), resulting in an increase in the measured value in E. The activation energy for the same process of Mn-or Fe-addition alloys is calculated about 70 kJ/mol and almost similar to each other. These values are close to the sum of the binding energies of the solute atom-vacancy for the solute elements Si (27.02 kJ/mol), Mg (17.37 kJ/mol) and Mn (22.22 kJ/mol) 28) or
Mn content (at. %)
Fe content (at. %) Fe (17.37 kJ/mol). 29) Therefore, the kinetics of the clustering process is probably controlled by coalescence of Mgvacancy, Si-vacancy and Mn-vacancy or Fe-vacancy complexes to form MgSiMn-vacancy or MgSiFe-vacancy clusters in Mn-or Fe-addition alloys, respectively. The activation energy for the formation of GP zone (E 2 ) decreases with Mn or Fe addition first, and increases with increasing Mn or Fe content. The activation energy for the formation of GP zone in 0.05Mn, 0.05Fe and 0.1Fe alloys is close to the activation energy for the diffusion of Mg (115 kJ/mol) and Si in Al (123 kJ/mol). 28) On the other hand, it cannot be neglected the slight change in the activation energy for the formation of the ¢AA and ¢A phases, which keeps well agreement with the change of the ¢AA phases and ¢A phases shown in Fig. 7 . It seems reasonable that small Mn or Fe addition in these AlMgSi alloys results in the formation of relatively stable MgSiMn-vacancy or MgSiFevacancy complexes. Such complexes would be effective clusters for the homogeneous nucleation of GP zones, which finally causes the increase for the number density of the precipitates. The activation energies for the ¢AA phases are significantly lower than previous results for Al1.6Mg 2 Si (152 kJ/mol) and Al1.0Mg 2 Si0.5Ag (150.7 kJ/mol) alloys (mass%) 16, 30) but similar to the results for ex.Si-type, Cuaddition or presaged 6011 alloys. 31, 32) The content of ¢AA phase decreased in 0.25Mn and 0.2Fe alloys, which is attributed to the formation of the dispersoids in two alloys. The dispersoids formed during casting, resulted in the decrease of Si content in the matrix, and frequently decreased the formation of ¢AA phase.
Conclusions
Small Mn or Fe addition increases the number density of the precipitates and further increase the peak hardness of the alloys.
Small Mn or Fe addition enhances the formation of Mg SiMn-vacancy or MgSiFe-vacancy, and the diffusion of the solute atoms in the matrix. They are effective cluster for the homogeneous nucleation of GP zones and also increase the number density of the precipitates in the alloys.
The dispersoids are not observed in 0.05Mn, 0.1Mn, 0.05Fe and 0.1Fe alloys but observed in 0.25Mn and 0.2Fe alloys. The formation of the dispersoids decreases the agehardening ability of 0.25Mn and 0.2Fe alloys. 
